The unitary-model-operator approach (UMOA) is applied to the calculation of the ground-state energy, the charge radius and the single-particle energies in 40Ca with various NN potentials. The calculated results support the trend observed in the previous calculation of 16 0.
An important problem in nuclear structure physics is to understand the properties of finite nuclei in terms of the interactions among their constituent particles. The question of the saturation of finite nuclei in a microscopic approach has been investigated by many authors. The origin of the strong spin-orbit splitting in nuclear one-body field also is a fundamental problem. It seems, however, that we have not yet succeeded in reproducing satisfactorily the relevant experimental data. Some of the recent works are given in Refs. 1) rv 3).
The basic causes for the quantitative disagreement between the experimental data and the calculated results could be attributed to one or more of the following reasons: ambiguities in the two-body nucleon-nucleon (NN) force, the possibility of a three-or-more-body force, relativistic effects, and the inadequacy of many-body theory and its approximation methods. Many works have been carried on, in particular, on the possibility of the three-body force 2) and relativistic effects. 4) Some works have still been pursued in refining the two-body NN force. 5) Among the above-mentioned possibilities, our main concern here is to improve the many-body theory and its approximation method in order to obtain quantitatively reliable results. We note the fact that there are some sizable differences among the results calculated in the existing many-body theories, although the same two-body NN force is employed. This implies that we have not yet obtained a satisfactorily reliable many-body theory and/or approximation methods even within a nonrelativistic framework.
A decade ago the authors proposed a new version of the unitary-model-operator approach referred shortly to as UMOA.
6 ) The original idea of UMOA was due to da Providencia and Shakin. 7) They introduced a unitary operator e S with a twobody operator S that describes short-range two-body correlations in nuclei. For the determination of the operator S the authors have introduced a new principle that S should be a solution to the decoupling equation, that is, the transformed Hamiltonian should not have any non-zero matrix element between a state in the model space (P space) and a state in its complement (Q space).
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Vol. 97, No. 6 We applied our theory 8) to the calculation of the ground-state properties of 16 0 and were able to substantially improve the theoretical predictions. The typical finite nucleus for the microscopic calculation has been 16 0. In general the effects of many-body correlations, which imply corrections of higher-order in the many-body calculation, increase with the number of constituent particles. In our many-body theory we use a concept of a self-consistent one-body field as an essential ingredient. We may expect that the one-body potential concept will become more appropriate for the microscopic description of the many-body system as the number of constituent particles increases. In this respect the double closed shell nucleus 40Ca is another interesting many-body system to investigate. A fewer number of works for 40Ca have been made, however, in comparison with those of few-body systems and of 16 0, partly due to computational difficulty. It is the purpose of this work to give a microscopic explanation of the ground-state properties of 40Ca in UMOA and to compare the present results with the corresponding situation in 16 0.
Let us briefly outline the formulation of UMOA. 6) We first define a two-body effective interaction
where t 1 (t 2 ) and 1L1(1L2) are the kinetic energy and the one-body potential, respectively. The term V12 is the original NN force, and 8 12 is the correlation operator acting between two particles. The decoupling condition is given by
The solution for the effective interaction V12 is dependent on the choice of P and Q spaces. At this moment the P and Q spaces are arbitrary as long as they are orthogonal spaces. The term 1L1 is introduced as the self-consistent average potential defined by
where PF denotes the uppermost occupied state (the Fermi level).
The effective interaction V12 defined in UMOA has some desirable features when compared with the G-matrix. These are summarized as follows: (a) It is energyindependent. (b) It is Hermitian. (c) It has the property of decoupling between the model space and its complement. H we choose P as the space of two particles in states below PF and Q as the space of two particles in states above PF, the effective interaction V12 has the decoupling property that V12 has no component inducing two-particle-two-hole (2p-2h) excitations.
The problem now is to determine how to describe a many-body system in terms of the effective interaction V12' We introduce a Hamiltonian for a many-body system defined through a unitary transformation of the original Hamiltonian H, as iI = e-sHe s , where 8 is the second-quantized operator of 8 12 , The transformed Hamiltonian iI contains, in general, three-or-more-body-cluster terms which may be called effective three-or-more-body interactions. The general structure of the Hamiltonian iI, including the three-or-more-body-cluster terms, is given in Ref. 6 ).
We apply UMOA to the calculation of 40Ca. The basic elements of the approximation procedure are the same as those given in Ref. 6 ). The solutions for 8 12 This eigenvalue equation, however, is not so simple to solve, because, in general, Ul + U2 cannot be decomposed into relative and center-of-mass (c.m.) motion. In the previous calculation 6) we made an approximation: We introduced three kinds of Q spaces, an extra-high-momentum space Ql' a medium-high-momentum space Q2 and a low-momentum space Q3' When we solved the decoupling equations between Ql and PI, and between Q2 and P 2 , we assumed that Ul 
where Nand L are the harmonic oscillator c.m. quantum numbers. The decoupling equation between Q3 and P 3 was then solved without any approximation. In the present calculation of 40Ca, we make a modification to the approximation procedure : When solving the decoupling equation between the medium-high-momentum space Q2 and the corresponding model space P 2 , the non-diagonal part of Hl2 in (N, L) is taken into account to second order in a perturbative way. We have observed that this modification improves the results, especially the charge radius.
We performed the calculation employing the Reid-soft-core (RSC), super-softcore (SSC), Paris and Bonn potentials. 8) As mentioned earlier, there still remain some ambiguities in determining the NN force from the study of only two-body systems. The NN force will finally be established in solving three-or-more-nucleon systems including nuclear matter. Therefore, it is important to know various theoretical predictions for various nuclear forces. Accumulation of such works will give us deeper understanding of the nuclear force. Table I displays the results for the single-particle energies of occupied states, the ground-state energy, and the charge radius in 40Ca for various NN potentials. These results include the effect of the three-body-cluster terms in iI. It is known from other calculations 1),4),9) -12) that the NN potential with weaker tensor components gives a larger binding energy" Our present results also confirm this trend. Figure  1 displays the plot of nuclear saturation, i.e., the binding energy versus the inverse charge radius. For the sake of comparison we plot, in the same figure, the results obtained by Schmid, Miither and Machleidt 1) in the Brueckner-Hartree-Fock (BHF) calculation. Our calculation demonstrates that the dependence of the results on Table I . The single-particle energies (S.P.E.), the binding energy per nucleon (E / A), and the charge radius (r c) of 40 Ca for various potentials. All energies are in units of Me V. 
NN potentials is not so large as in the BHF calculation. This trend in 40Ca, the weak dependence on NN potentials, follows many of the results for the three-nucleon system (lH) obtained from the 34-channel Faddeev calculation 10) and also of the results for 16 0 in UMOA.8)
In Table I Figs. 2{a ).-v{c). Another correction is the three-body-cluster contribution. The sum of the correction terms is quite large and the net effect works to improve the theoretical predictions, as shown in Table II . Our results also show that the three-body-cluster contributions are rather small. We note that the magnitude of the perturbation correction reaches 40 % of the total value of the l-s splitting, which implies that the role of many-body correlations on the one-body l-s splitting is important.
- 4r------------------------ The perturbation correction in the l-s splitting of the P state is smaller than that of the d state. This fact of the sizable difference in the many-body corrections in the l-s splitting supports the general discussion that the l-s splitting comes from surface effects.
It may be instructive to compare the result of 40Ca with those of few-body systems and 16 0. In order to examine the quality of the calculation we introduce a quantity X defined by Table II . Contribution to the single-particle energies [MeV] in UMOA for Bonn B potential. The quantity E2 is the sum of the corrections of diagrams (a)"'(c) of Fig. 2 and Es, the three-bodycluster contribution. where 'V;,ab Kcal and Eexp designate the calculated potential and kinetic energies, and the experimental binding energy, respectively. This X gives approximately the ratio of the potential energy calculated with the two-body interaction to the experimental potential energy. The quantity X may be called the reproducibility of the potential energy.
One might raise a question that X could not have a definite physical meaning because it should depend sensitively on the value of K caJ • In our approach, the kinetic energy is calculated as an unperturbed value, not the expectation (4) - value of the transformed kinetic energy operator. Therefore, the calculated potential energy with the effective interaction V12 could, in principle, include a part of the kinetic energy. In order to examine the dependence of X on the deviation ilK, defined as the expectation value of e-S12 (tl + t 2 )e S12 -(t 1 + t 2 ), we consider 'V;,aJ -ilK X' = .
Eexp -(KcaJ + ilK) Ca. The quality of recent calculations for few-body systems is so good that X is more than 0.98. We observe that the quality of the calculations of 16 0 is considered to be rather good, though the results still miss the experimental value. The calculated results depend weakly on the adopted NN forces, mainly reflecting the relative strength of their tensor force components.
We can see basically the same trend also in the calculation of 40Ca as in 16 0.
It should be noted here that the same degree of the quality of the calculation is obtained even though the number of constituent particles increase considerably in 40Ca in contrast to 16 0. There is, however, a sizable difference in the quality between the three-or-four-body system and 16 0 or 40Ca. In this sense there still is some room for a better treatment of many-body correlations within the nonrelativistic framework. This is one of the problems we wish to solve in the near future using our approach.
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